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APPLICATION 
FOR 

UNITED STATES LETTERS PATENT 

Be it known that we, Robert Adams, residing at 19 Overlook Drive, Acton, 

Massachusetts 01720, and being a citizen of the United States; and Gangadhar Burra 

residing at 1 Kingman Road, Acton, Massachusetts 01720, and being a citizen of India, 

have invented a certain new and useful 

A FILTER SYSTEM WITH REDUCED SWITCH THERMAL 
NOISE AND A SA MODULATOR USING SUCH A FILTER 

of which the following is a specification: 
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Applicant: 


Adams et al. 

A Filter System With Reduced Switch Themial Noise 
and a ZA Modulator Using Such a Filter 


For: 


FIELD OF INVENTION 


This invention relates to a filter system with reduced switch thermal noise, and more 
particularly to such a system useful in SA modulators or converters and other sampling 
switched capacitor circuits. 


Switched capacitor circuits used for processing signals such as in ZA converters 
typically sample the input to such a converter and then sum it with the similarly sampled 
feedback signal. The difference in the summed signals is typically amplified, filtered, 
and/or quantized to provide the feedback signal and an output to subsequent systems. 
Inherent in switched capacitor circuits is the problem of thermal switch noise which is 
defined as: 


where T is the absolute temperature, C^ampie is the value of the capacitor and k is a physical 
constant. Thus it can be seen that to reduce the noise by a factor of 2 the capacitance must 
be increased by a factor of 4. A substantial reduction in noise would require a large 
increase in the size of the capacitance: usually this is not desirable. One of the primary 
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limiting factors either in terms of the overall signal-to-noise ratio of the SA converter or in 
terms of the chip area is the size of the input sampling capacitor on the first integrator stage 
of the EA converter. 

In SA converters oversampling is used in the quantizer and the oversampling rate 
(OSR) v^orks to reduce the size of the capacitance to achieve a predetermined reduction in 
noise as expressed by the equation: 


However, there is a limit to the OSR that can be applied, while the noise versus capacitance 
size problem persists. As can be seen from these expressions, the larger the input capacitor, 
the smaller the thermal noise stored on the capacitor due to the input switches. For very 
high-performance circuits with high signal-to-noise ratios, the size of the input sampling 
capacitor gets prohibitively large. Correspondingly, the complexity and power 
consumption of the driving amplifier increases as does the size of the sampling switches. 
The issue of "kT/C" noise (as the wide-band thermal noise is more popularly known) is 
valid in any sampled system using switches and capacitors and DA modulator A/D 
converters are only a subset. 


It is therefore an object of this invention to provide an improved switched capacitor 
system with substantial reduction of switch thermal noise. 

It is a further object of this invention to provide such an improved switched 
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capacitor system with substantial reduction of switch thermal noise which is useful in 2A 
converters and other sampling switched capacitor circuits. 

It is a further object of this invention to provide such an improved switch capacitor 
system with substantial reduction of switch thermal noise which reduces the input-referred 
thermal noise by a linear factor, or for the same noise the capacitor size may be reduced by 
an exponential factor. 

One aspect of the invention is that for the same signal-to-noise ratio the size of the 
sampling capacitor can be reduced by the square of the gain of the difference ampUfier. 

The invention results from the reaUzation that, in a feedback system where the 
output closely tracks the input, the error signal is small, and so rather than sample both the 
input and feedback signals before taking the difference to create the error signal, it is better 
to form the error signal with a continuous-time (non-sampling) circuit followed by a gain 
stage and then sample this amplified error signal using a switched-capacitor circuit. This 
arrangement causes the input-referenced switch thermal noise to be reduced by the amount 
of the gain used in the error path. The amount of gain that can be used in the error path 
depends on how closely the output tracks the input; it is desirable to make this gain as large 
as possible without causing the error signal to exceed the supply voltage. 

This invention features a filter system with reduced switch thermal noise including 
an input circuit for receiving an input signal and a feedback signal and providing a signal 
representative of the difference. There is a filter circuit including at least an input sampling 
capacitor and switch which introduces thermal noise error and a feedback circuit responsive 
to the filter circuit for dehvering to the input circuit the feedback signal. The input circuit 
includes means for ampUfying the difference signal before it is submitted to the filter circuit 


to reduce the input-referred thermal noise by a factor of approximately the gain of the 
amplification.. 

hi a preferred embodiment the ampUfication may have a gain greater than one. 

The invention also features a lA modulator with a filter system having reduced 
switch thermal noise including an input circuit for receiving an input signal and a quantized 
feedback signal and providing a signal representative of the difference. There is a filter 
circuit including at least an input sampling capacitor and switch which introduces thermal 
noise error and a quantizer circuit for quantizing the output of the filter circuit. A feedback 
circuit responsive to the quantizer circuit delivers to the input circuit the quantized feedback 
signal and the input circuit ampUfies the difference signal before it is submitted to the filter 
circuit to reduce the input-referred thermal noise by a factor of approximately the gain of 
the ampUfication.. 

In a preferred embodiment the ampUfication may have a gain greater than one. 

This invention also features a filter system with reduced switch thermal noise 
including a summing circuit for receiving an input signal and a feedback signal and 
providing a signal representative of the difference. There is a filter circuit including at least 
an input sampling capacitor and switch which introduces thermal noise error and a feedback 
circuit responsive to the filter circuit for delivering to the summing circuit the feedback 
signal. An amplifier circuit ampUfies the difference signal before it is submitted to the filter 
circuit to reduce the input-referred thermal noise by a factor of approximately the gain of 
the ampUfier circuit. 

In a preferred embodiment the ampUfier circuit may have a gain greater than one. 

The invention also features a SA modulator with a filter system having reduced 


switch thermal noise including an input circuit for receiving an input signal and a quantized 
feedback signal and providing a signal representative of the difference. There is a filter 
circuit including at least an input sampling capacitor and switch which introduces thermal 
noise error and a quantizer circuit for quantizing the output of the filter circuit. A feedback 
circuit responsive to the quantizer circuit delivers to the summing circuit the quantized 
feedback signal and an amplifier circuit amphfies the difference signal before it is submitted 
to the filter circuit to reduce the input-referred thermal noise by a factor of approximately 
the gain of the amplifier circuit. 

In a preferred embodiment the amplifier circuit may have a gain greater than one. 

DISCLOSURE OF PREFERRED EMBODIMENT 

Other objects, features and advantages will occur to those skilled in the art fi-om the 
following description of a preferred embodiment and the accompanying drawings, in which: 

Fig. 1 is a schematic diagram of a switched-capacitor system with reduced switch 
thermal noise according to this invention; 

Fig. 2 is a schematic diagram of the switched capacitor system with reduced switch 
thermal noise according to this invention used in a EA modulator; and 

Fig. 3 is a view similar to Figs. 1 and 2 with the input circuit implemented by a 
single component. 

There is shown in Fig. 1 a switched-capacitor system 10 with reduced switch 
themial noise including an input circuit 11 having a summing circuit 12 for receiving an 
input signal on input 14 and a feedback signal on feedback line 16 and providing an error 
signal on line 18 which is the difference of the two signals. There is a switched-capacitor 


filter circuit 20 which includes a capacitor 22, charging switches 24 and 26, discharging 
switches 28 and 30, and integrating ampUfier 32 which includes feedback capacitor 34. The 
combination of capacitor 22, switches 24-30, amplifier 32 and feedback capacitor 34 
constitute a tjjicaL single-ended switched capacitor integrator circuit. While shown 
separately in Fig. 1 for illustrative purposes, switched capacitor circuit 20 is typically 
included as a part of the signal processor 36 labeled as H(z) which although typically a filter 
could be any signal processing fimction one form of which is a EA modulator. Switched 
capacitor circuit 20 and signal processor 36 may be thought of as the single switched- 
capacitor filter circuit 38. 

In operation, switches 24 and 26 are closed to charge capacitor 22; then they are 
opened and switches 28 and 30 are closed to discharge capacitor 22 into amplifier 32. This 
recurring sampling causes an integration of the input signal by virtue of amplifier 32 and its 
feedback capacitor 34. 

Input circuit 1 1 also includes an ampUfier 40, having gain G, typically greater than 
1, between error signal 18 and the sampling capacitor 22. In this way the error signal is 
amplified or gained up by the value of gain G. It can thus be seen that the thermal switch 
noise, when referred back to input 18, is reduced by a factor of the gain G thus substantially 
reducing the input-referred noise. Further, by siunming (in summing circuit 12) the input 
signal 14 with the feedback signal firom feedback circuit 16, which is close to the input 
signal on line 14, the difference produced as input 18 to amplifier 40, is quite small. 
Therefore, the gain G of ampKfier 40 can be quite large and provide a substantial reduction 
in the input referred thermal switch noise without the voltage at the output of amplifier 40 
exceeding the supply voltage. 


The switched capacitor system 10 of Fig. 1 can be employed in a typical SA 
converter 50, Fig. 2, by adding a quantizer 52 at the output of signal processing circuit 36 so 
that feedback circuit 16 delivers to summing circuit 12 a quantized version of the output 
from signal processor 36 which is close to the input signal on line 14, resulting in a small 
difference signal on input 18 to amplifier 40 so that the gain can be maximized without the 
voltage at the output of amplifier 40 exceeding the supply voltage.. 

Although in Figs. 1 and 2 input circuit 11 is shown as two separate elements, 
summing circuit 12 and amphfier 40, this is not a necessary implementation of the 
invention as both functions can be accomplished in a single circuit such as summing 
amplifier 11a, Fig. 3. 

Although specific features of this invention are shown in some drawings and not 
others, this is for convenience only as each feature may be combined with any or all of the 
other features in accordance with the invention. 

Other embodiments will occur to those skilled in the art and are within the 
following claims: 

What is claimed is: 
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